The elongation response elicited by incubating excised hypocotyl sections of lettuce (Lactuca sativa L.) in Ught in gibberellin (GA) can be enhanced by the addition of Cl-, Br-, and NO3-salts of K+ and Na+. Sections incubated in light in the absence of GA do not elongate in response to the addition of salts. In contrast, excised hypocotyls incubated in darkness elongate equally in both GA and water, and their elongation can also be enhanced by KCI treatment. Growth stimulation by the salts of K+ and Na+ occurs opimally at 10 mM and the magnitude of the response is proportionad to the duration of siat treatment. Although the growth of sections incubated in light in the absence of GA is not enhanced by various salts of K+ and Na+, the concentration of these cations exceeds that in GA-treated sections. In dark-grown tissue, uptake of K+ also occurs in both GA-and H20-treated sections incubated in 10 mm KCI. Since increased osmotic potential resulting from cation uptake does not correlate with growth stimulation resulting from salt treatments, we condude that increased cell turgor is not the principal driving force for growth in hypocotyl sections. Changes in the extensibility of GA-treated, light-grown tissue and dark-rown tissue incubated with and without GA correlate with the increased growth rate of these sections. Incubation of sections in KCI results only in changes in water potential of sections without having a significant effect on extensibilit. When changes in water potential are accompanied by increased extensibility, however, a marked increase in growth rate is observed.
The effects of salts of the alkali metals on hormone-stimulated growth responses have been described for a number of plant systems. Of the roles proposed for the action of salts on growth, the most notable effects are on osmotic pressure, cell wall extensibility, or on the general metabolism, of the tissue (12, 13, 16, 17) . Thimann and Schneider (17) found that in Avena coleoptile sections K+ and, to a lesser extent, Na+ and Rb+ chlorides stimulated a 2-fold increase in auxin-induced growth, while growth of H20 controls was unaffected. Addition of KCl to Avena coleoptile segments previously treated with CaC12 also caused an increase in growth which was attributed to an increase in turgor pressure caused by KCl uptake (6) . On the other hand, Tagawa and Bonner (16) reported that treatment of oat coleoptile segments with KCI resulted in increased cell wall plasticity and elasticity. In Avena seedlings, also, growth inhibition caused by supraoptimal auxin concentration can be overcome by addition of salts of Na+ or K+ (5) .
In cucumber hypocotyl sections, KCI and other alkali metal chlorides stimulate a 2-fold increase in growth after a latent period of 14 hr (13) . Potassium effects have been attributed to its role as an enzyme cofactor and to its general, nonspecific effect on metabolism. The curvature of the hypocotyl hook of lettuce can be modified by numerous salts including K+ after treatment with either gibberellin or ethylene (12) . This effect of salt treatment was attributed to salting-in and salting-out effects on macromolecules in the cell wall (12) .
A stimulatory effect of 10 mm KCI on the elongation growth of excised lettuce hypocotyl sections was reported by Silk and Jones (15) . Potassium chloride causes at least a 2-fold increase in the length of dark-grown sections and of GA-treated, lightgrown sections although it has no effect on the growth of lightgrown sections incubated in H20. The purpose of this study was to describe further the effect of salts in the lettuce hypocotyl system and to investigate the mechanism of salt-stimulated growth.
MATERIALS AND METHODS Plant Material. Seeds of lettuce (Lactuca sativa L. cv. Arctic King) were obtained from Samuel Dobie and Son Ltd., Llangollen, Wales, U.K. Groups of 70 seeds (about 100 mg) were imbibed in 50 ml of glass-distilled H20 for 2 hr at 25 C and germinated on filter paper in 9-cm Petri dishes with 5 ml H20 for 34 hr at 23.5 C. The hypocotyls of the resulting seedlings were of uniform length and responded optimally to GA3. The hypocotyls were excised under a dissecting microscope and stored in 3 ml of H20 at 2 C for up to 2 hr prior to incubation.
Incubation. Hypocotyl sections were incubated in 2 ml of test solution in plastic culture dishes (60 x 15 mm) (No. 3002 Falcon Plastics, Oxnard, Calif.). These dishes are hydrophilic, thus permitting incubation without filter paper, which contains high amounts of Na+. Incubation was at 27 C either in the dark or with continuous illumination from above by Sylvania "Daylight" fluorescent tubes at 4.5 x 103 ergs cm-2 sec-1. Gibberellic acid (GA3, grade III, Sigma Chemical Co.) was dissolved in 100% ethanol. The ethanol from an appropriate amount of GA was allowed to evaporate to dryness in the Petri dish before the addition of test solution. The residue of an equal amount of ethanol added to controls had no effect on growth. Unless otherwise indicated, GA was used at a concentration of 5 ug ml-,.
Growth Measurement and Analysis. Elongation of sections was measured by a method similar to that of Silk and Jones (15) , the sections being illuminated from above by a columnated microscope illuminator. The image was then focused onto a tablet of paper where the hypocotyl shadow was traced. This system gave a magnification of 14x and hence an accuracy comparable to the photographic method. Growth is expressed as the percentage increase in length relative to the initial length (%AL). An experiment designed to estimate the standard error for growth in this system showed that for 10 hypocotyls, the standard error of %AL is no more than 10% from 0 to 300 %AL (a quadrupling in length).
Extensibility was determined using the method of Green and Cummins (8) . Sections were equilibrated for 1 hr in mannitol or polyethylene glycol (PEG)2 4000 at osmotic potentials determined by freezing point depression and their lengths (referred to as initial lengths) measured. They were then incubated for an additional 6 hr in the mannitol or 24 hr in the PEG. The growth rate of sections during the incubation period was plotted against external osmotic potential, and using the least squares method, lines of best fit were drawn through these points. By this method, extensibility is given by the slope of the regression line.
Analysis of K+ and Na+. Sections were washed in 50 ml of glass-distilled H20 for 15 min on a rotary shaker, collected on a stainless steel strainer, gently dried by blotting, and then frozen in 1 ml H20. Thawed sections were homogenized in a Teflonglass rotary homogenizer at 2 C and either filtered (Whatman GFC) or centrifuged at 20,000g for 10 min at 2 C. The filtrate or supernatant was then analyzed for K+ or Na+ by atomic absorption spectrophotometry (Perkin-Elmer, model 290). Determination of Osmotic Potential. Incipient plasmolysis (50%) was performed on epidermal peels removed from sections with jewelers forceps under a dissecting microscope. The strips with adhering hypodermal tissue were submerged in various mannitol solutions for at least 15 min, mounted on microscope slides in solutions of the same concentration, and observed with Nomarski interference optics.
The osmotic potential of the cell sap was determined from samples of 50 hypocotyls. Each sample was blotted dry and transferred to a stoppered glass vial, containing a predetermined volume of H20, for weighing. The sample was homogenized in a total of 1 ml H20 and centrifuged. The freezing point of the supernatant was determined with an osmometer (Advanced Instruments model 3A, Needham Heights, Mass.) equipped for a 250 Al sample volume. The freezing point of each sample was determined at least twice; values agreed within 0.5 milliosmolal (5% error max). The wet weight and osmolality were used to calculate osmotic potentials for the sections by assuming the density of the tissue to be 1 g cm-3. The osmotic potentials of mannitol and PEG 4000 solutions were calculated in bars from determinations of the freezing points.
RESULTS
Potassium chloride has been shown to stimulate the growth of light-grown, GA-treated lettuce hypocotyl sections although KCl is without effect on the growth of sections incubated without GA (15) . Our investigation shows that in addition to K+, Na+ and Rb+ cause significant growth promotion (Table I ). The optimal concentration for this growth promotion is 10 mm for K+ and Na+ and 0.5 to 1 mm for Rb+. In all cases, concentrations of 50 mm cause significant growth inhibition ( Fig. 1 and Table I ).
The response of GA-treated sections to various salts of K+ and Na+ is shown in Tables II and III . All salts of K+ tested cause significant growth stimulation and the effect is optimal at 10 mm for monovalent anions and at 5 mm for polyvalent anions. Chloride and bromide are the most stimulatory salts followed in decreasing order by N03-, S042-, H2PO4-, and 1-. For salts of Na+, a similar effect of halides was observed, but Na2SO4 and NaH2PO4 were only slightly stimulatory and were toxic beyond 5 to 10 mm (Table III) . Sections incubated in H20 in the light did not respond to any of the salts that enhance growth of GAtreated sections ( Fig. 1 and unpublished data) .
The time course of growth of KNO3-and NaNO3-treated sections is shown in Figure 2 . In the presence of GA, both salts increase the growth rate, and after 48 hr of growth, K+-or Na+-treated sections are considerably longer than those treated with GA alone. Water control sections, on the other hand, do not 2 Abbreviation: PEG: polyethylene glycol. (Fig. 3) . After 24 hr of pretreatment with GA, 10 mm KCI causes a 2-fold increase in growth rate that is maintained for 24 hr (Fig. 3) . In contrast to the effect of GA in this system (14) , short exposures to KCl have no long lasting effect on growth. The enhancement of growth by KCI is proportional to the duration of the KCI treatment (Fig. 4) but is independent of the timing of the application of the salt. Thus, a pulse of KCl applied at the beginning of the GA treatment elicits the same amount of growth as a pulse of the same duration given at the end of the incubation period (Fig. 4, A and B) .
The response to KCI of hypocotyl tissue incubated in the dark is shown in Figure 5 , A and B. Potassium chloride clearly stimulates growth of water controls as well as GA-treated tissue and it is optimally effective at 10 mm (Fig. SB) . The increase in growth of KCl-treated tissue results from an increase in growth rate (Fig. SA) .
Uptake of K+ from the incubation medium by light-grown sections is shown in Figure 6 , B and D. Both GA-treated sections and water control tissue take up K+ at a constant rate over a 48-hr period. Although K+ uptake into GA-treated sections is greater than with controls, the concentration of K+ within the control tissue is significantly higher (Fig. 6D) . Determinations of the osmolality of extracted cell sap by freezing point depression are correlated with K+ uptake (Fig. 6C) (Fig. 6C) . The determination of osmotic potential by plasmolysis (Fig. 7 ) also demonstrates the relationship between KCI treatment and osmolality. Sections treated with KCI alone have a more negative osmotic potential compared to time zero control tissue, while sections incubated in both KCI and GA have an equal or slightly higher osmotic potential when compared with the initial tissue sample. Sections incubated in the absence of KCI, however, have a significantly higher osmotic potential when measured after 48 hr of growth in water or GA.
The relationship between K+ uptake, osmolality of expressed sap, and growth for GA-and H20-treated tissue in the presence of increasing external KCI concentrations is shown in Figure 8 . As the external KCI concentration is increased, there is an increase in the K+ content of the tissue; however, since GAtreated sections increase in volume with KCI, the increase in K+ concentration and osmolality of the expressed sap of this tissue does not rise as markedly as that of water control tissue.
The effect of NaCI on growth and osmolality of expressed sap of light-grown hypocotyl sections is comparable to that of KCI (Table IV) . Thus, Na+ uptake into sections incubated in H20 is greater than with GA-treated sections, while the osmolality of H20 controls is nearly twice that of GA-treated tissue.
Potassium uptake by sections incubated in darkness is shown in Table V marked stimulation of growth with KCl and accumulate K+ to approximately equal concentrations. However, although growth of H20-and GA-treated sections incubated with K+ is stimulated by more than 80% over their counterparts incubated in the absence of K+, the osmolality of these K+-treated sections is only slightly greater than those of the minus-K+ sections (Table V) .
Extensibility and water potential determined by incubation in mannitol of light-grown sections incubated in water or GA in the presence or absence of 10 mm KCI are shown in Figure 9 . GA causes a marked change in extensibility over H20 controls as measured by changes in the slope of the line relating growth rate to external osmoticum.
When the growth rates of sections treated with GA or H20 alone are extrapolated to zero, the intercepts (water potentials) are identical at -5 bars. The extrapolation to the x axis of growth rates of sections incubated with KCl shows a shift in the water potential to -6.2 bars or GA-and -6.7 bars for watertreated tissue without significantly affecting the slope of the line (Fig. 9) . Determination of extensibility and water potential with PEG 4000 of light-and dark-grown tissue is shown in Figure 10 . The relationship between GA treatment and increased extensibility and between KCl treatment and decreased water potential in light-grown sections is confirmed (Fig. 10A) . The effect of incubation in darkness is to increase the extensibility of sections incubated in H20, thus both GA-and H20-treated sections have nearly identical slopes andx intercept values (Fig. 1OB) . Incubation of both GA-and H20-treated, dark-grown sections in 10 mM KCI causes an increase in water potential without changing extensibility (Fig. 1OB ).
DISCUSSION
Our initial experiments were designed to characterize the response of excised lettuce hypocotyl sections to salts. It is clear from the data presented in Tables I through III that Cl-, Br-, and NO3-salts of K+ and Na+ are equally effective in stimulating GA-induced growth of sections in light. The limited response of sections to SO42-and H2PO4-salts of Na+ and K+ probably results from the less rapid uptake of these anions. Our unpublished data on anion uptake show that the relationship between K+ and Cl-uptake from a solution of 10 mm KCl is nearly stoichiometric and that uptake of K+ from 10 mm KCI solutions is more rapid than the uptake of K+ from a 5 mm solution of K2SO4. None of the salts tested stimulated the extension growth of H20-treated sections in light (Fig. 1) . This contrasts markedly with the stimulation of growth by KCI of both H20-and GAtreated sections grown in darkness (Fig. 5 and Table IV) and GA-treated sections in the light (Fig. 1) . The growth stimulation produced by KCI in both darkness and light occurs optimally at 10 mm and results in an increased growth rate (Figs. 2 and 5) . Addition of KCI to light-grown hypocotyls 12, 24, and 36 hr after GA treatment causes as much as a 5-fold increase in the rate of elongation over the minus-salt controls (Fig. 3) . It is clear that this growth response to KCI of light-grown, GA-treated sections is proportional to the duration of the KCI pulse and independent of the time of administration of this pulse (Fig. 4, A  and B) .
The interaction between salts of K+ or Na+ and GA suggests several possible mechanisms of salt-stimulated growth. A role of GA in increasing cell turgor via effects on the osmotic concentration of the cell sap has been suggested (3, 9, 1 1). GA-stimulated growth has been correlated with the appearance of starch-degrading enzymes (9) and the disappearance of accumulated starch (2, 7), leading to the suggestion that increased growth rate results from a more negative osmotic potential due to starch hydrolysis. Cleland et al. (4) found that in cucumber hypocotyl tissue, which responds to both auxin and GA, IAA treatment resulted in increased cell wall plasticity while GA treatment did not. They concluded that GA-induced growth was mediated by changes in the osmotic concentration of the cell sap.
Our results on K+ and Na+ uptake by lettuce hypocotyl sections indicate that salt-stimulated growth is not mediated via changes in K+ uptake in response to GA treatment or darkness ( Figs. 6-8 ; Tables IV and V) . Rather, in light-grown sections, the concentration of K+ is greater in water-treated than in GA- 
EXTENSIBILITY AND TURGOR IN GA GROWTH
We conclude from these relationships between cation uptake and osmolality that a change in turgor pressure due to increased cell osmoticum is not the principal driving force for growth in lettuce hypocotyl sections (Fig. 6, A and B potentials (Figs. 6-8 ; Tables IV and V) do allow us to conclude, however, that turgor is indeed changed by incubation in salts of K+ and Na+. Experiments in progress on the determination of total ion concentration of cells incubated in KCl show that the increased water potential of cells can be fully accounted for by changes in osmotic potential resulting from cation and anion uptake.
We conclude that growth of lettuce hypocotyl sections is normally regulated by changes in cell wall extensibility which is modified by light or GA treatment. When extensibility is increased by incubation in darkness or GA, growth can be further modified by the uptake of salts, but in the absence of increased extensibility, changes in osmotic potential brought about by salt uptake have little direct influence on the growth of light-grown sections.
